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Low-temperature refrigeration system for biogas upgrading has been developed by the Cryo Pur company based on 
cooling biogas in three steps: removing most of the water content at -40°C, removing siloxanes and SVOCs at -85°C 
and frosting CO2 at temperatures varying from -90°C to -120°C. This process transforms biogas containing typically 
60% methane, 35% CO2, 5% water vapor in methane containing 2.5% of CO2. This paper studies how a single low-
temperature refrigeration system is able to cool biogas with an indirect system using low-temperature heat-transfer 
fluids. The exergy study defines the exergy losses and served as guidance for the energy/pinch analysis that is used 
for the design of the heat-exchanger series and the appropriate heat recovery. An optimal system could save up to 
40% of the electric consumption of the refrigeration system. 
 
Keywords 





Biogas is produced from organic waste by means of bacteria in an anaerobic environment. Bigadan (2001) expedites 
this process at an operating temperature of 38°C (mesophilic) or 52°C (thermophilic) in the plant's digester. The 
biogas plant receives all kinds of organic waste - typically livestock manure and organic industrial waste. The 
manure and waste are mixed in the plant's receiving tank before being heated to 38-52°C and pumped into the 
digester in which the biogas is produced.  
  2032, Page 2 
 
16th International Refrigeration and Air Conditioning Conference at Purdue, July 11-14, 2016 
 
Table 1: Composition of biogas, Gerlach et al. (2013) 
Component Formula Concentration 
Methane CH4 50-75% 
Carbon dioxide CO2 25-45% 
Water vapor H2O 2-7% 
Hydrogen Sulphide H2S 0.002-2% 
Nitrogen N2 <2% 
Ammonia NH3 <1% 
Hydrogen H2 <1% 
Trace gases  <2% 
 
Ryckebosch et al. (2011) mentioned many techniques that have been developed to remove H2S, H2O, trace 
components and CO2 from biogas. IEA GHG (1993) introduce the cryogenic separation to capture the carbon dioxide 
from flue-gas stream by condensation. 
Cryo Pur (2015) developed a low-temperature refrigeration system for biogas upgrading. This system is based on 3 
main steps. The biogas passes through a first subsystem at -40°C to remove mainly water vapor, then a second 
subsystem at -85°C separates all components in order to obtain at exit 40% CO2 and 60% CH4. In the third sub-
system, CO2 is captured by frosting. After this last step, upgraded methane (98% purity) is liquefied then used as 
fuel, in the industry and in a natural gas grid injection. In this paper a single low-temperature refrigeration system 
using low-temperature heat-transfer fluid is studied and compared to four refrigeration sub-systems. 
The pinch analysis is used in order to identify possible transfers between heats sources and heat sinks. 
 
2. ENERGY STUDY 
 
2.1 Separation of H2O and CO2 
The required cooling capacities to remove water and carbon dioxide from methane are first calculated. In order to be 
generic, the dry biogas mass flow rate is fixed at 1 kg/s. Water is removed at two temperature levels -40°C and -85°C 
in the current system, but for the new system, the biogas will be cooled from 20°C to -85°C in one stage as shown in 
Figure 1. The biogas enters at volumetric composition of 56.8% methane, 37.7% carbon dioxide and 5.5% water, and 
exits at 60% methane and 40% carbon dioxide. For CO2 removal, the heat transfer fluid cools the biogas at -116°C in 
order to reduce the CO2 content at 2%. As shown in Figure 2, the volumetric composition is 98% methane and 2% 
carbon dioxide, then methane is liquefied at 1,5 MPa as shown in Figure 3. 
 
The enthalpy difference of each fluid is calculated using Equation (1) while heat exchanged is calculated using 
Equation (2).  
 
 latsen HHQ   (1) 
 
 latsolsenexit HmHmP    (2) 
 
The heat exchanged ( P ) is function of the flow rate at the exit of heat exchanger ( exitm ), the sensible enthalpy 
difference ( senH ), the mass of frost captured ( solm ) and the latent heat of sublimation ( latH ). 
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Figure 2: T-P Diagram for removing Carbon dioxide. Figure 3: T-P Diagram for liquefying biomethane. 
 
2.2 The strategy for energy recovery (Theoretical gain) 
 
The system works using Frosting/Defrosting heat exchangers for water and CO2. The current Cryo Pur system 
defrosts carbon dioxide above the triple point (-56.6°C, and 0.52 MPa). The new strategy recovers the energy by 
sublimation of carbon dioxide in order to cool the heat-transfer fluid and by so reducing the cooling capacity of the 
refrigeration system. 
The available energy recovery by sublimation of carbon dioxide is shown in Figure 4. CO2 in gaseous state passes 
through two heat exchangers to cool the heat-transfer fluid as shown in Figure 5 and Figure 6. 
So the theoretical gain is about 336 kW for 1 kg/s of dry biogas. 
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Figure 5: T-P Diagram for heat recovery. Figure 6: T-P Diagram for heat recovery. 
 
3. EXERGY LOSSES WITH LOW TEMPERATURE HEAT TRANSFER FLUID 
 



















It is calculated as a function of the mass flow rate (
.
m ), the enthalpy difference ( h ), the entropy difference ( s ), 
the mechanical work ( iW ), the heat transferred ( iQ ), the ambient temperature ( aT ) and the fluid temperature ( iT ). 
To improve the heat exchange in the system, exergy losses should be minimized. 
Comparing many low-temperature heat-transfer fluids (HTF), they have the same exergy losses. We conclude that 
the only difference between them is their flowrates in each heat exchanger. So they are compared by their heat 
capacity; once the heat capacity is higher, the flow rate decreases, the power and the consumption of the cryogenic 
pump decrease. 
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4. ENERGY ANALYSIS 
 
In order to obtain the minimum power consumption of the system, the required energy to upgrade the biogas and 
liquefy the methane is calculated, then the recovered energy from sublimation of carbon dioxide is calculated from -
130°C to -11°C. 
The HTF flows returning from the different subsystems at different levels of temperature are mixed. Using Equation 
(4), the total enthalpy ( h ) is calculated as function of the mass flow rates (
.
im ) and the enthalpy at each level 
temperature  ih , so the average temperature of the HTF flows is determined and then the required cooling capacity 





















Figure 7 represents the (T-P) diagram, the possible heat recovery and the necessary cooling capacity to remove water 
and carbon dioxide, to liquefy methane, and the theoretical available energy to be recovered by CO2 sublimation 
from -130°C to -11°C. Referring to Figure 7, for the reference flow of 1 kg/s of biogas, the refrigeration system 






























Figure 7: Energy recovery in the T-P diagram.  
 
In order to optimize the heat-exchanger network for heat recovery, the Pinch analysis is carried out. The Pinch 
analysis aims at identifying the heat recovery opportunities by heat exchange in complex thermal processes. Linhoff 
(1970) developed a graphical method to calculate the minimum energy requirement of a process and design the heat 
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recovery exchanger network. The possible heat exchange is limited by the approach temperature between the hot and 
the cold stream in the heat exchanger. Marechal (2007) shows that when the approach temperature is small, the 
energy savings are high but the investment required is also high; when the approach temperature is higher, the 
investment decreases while the operating costs increase. The minimum temperature approach is the smallest 
temperature difference between the hot and the cold streams in the heat exchanger. The minimum temperature 
difference can be used as a parameter to determine the optimal size of the heat exchanger.  
 
 
5. RESULTS AND CONCLUSION 
 
In the current Cryo Pur system, 0.63 kW/Nm3 of biogas at 55% CH4 and 45% CO2 is needed to obtain methane with 
98% purity, with the new recovery option, 0.36 kW/Nm3 could be reached. So the new strategy for Cryo Pur could 
save up to 40% of the electrical consumption. 






Sulfuric Volatile Organic Compound 
Heat Transfer Fluid 
P Power (kW) 
 Flowrate (kg/s) 
T Temperature (K) 
s Entropy (kJ/kg. K) 
Ex Exergy (kJ) 
w Work (kJ) 
H Enthalpy (kJ/kg) 
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